We investigate transport properties of multiterminal structures composed of a d-wave superconductor connected to two ferromagnetic electrodes. Using a non-equilibrium Green's function method and a Landauer approach we show that crossed Andreev reflections and cotunneling exist also with d-wave superconductors, however their properties are governed by the anisotropy of the d-wave pair potential.
I. INTRODUCTION
Transport in superconductor-ferromagnetic hybrid systems has received great attention in the last years due to the progress in nanotechnology which made possible the fabrication and characterization of heterostructures [1] [2] [3] [4] [5] .
During the last years phase sensitive tests have shown that the order parameter in the cuprate superconductors is of predominantly d-wave symmetry [6] [7] [8] . In d-wave superconductors the zero bias conductance peak (ZBCP) observed in the tunneling spectra results from zero energy states (ZES) that are formed due the sign change of the order parameter in orthogonal directions in k space. The ZBCP depends on the orientation of the surface and does not exist for s-wave superconductors [9] [10] [11] [12] [13] [14] .
In d-wave superconductor ferromagnet junctions the ZBCP is suppressed by the increase of the exchange field of the ferromagnet [15] [16] [17] [18] . Moreover in ferromagnet/d-wave superconductor/ferromagnet double junctions, under the existence of zero energy states the quasiparticle current is enhanced compared to the normal state [19] . Also very recently the circuit theory for unconventional superconductors has been presented [20] . In the following we reduce the ferromagnet/d-wave superconductor/ferromagnet trilayer to a ballistic circuit made of three nodes connected by tunnel matrix elements. Each of the three nodes is supposed to be connected to a voltage source and therefore we do not discuss here the role of out of equilibrium conductors inserted in a circuit containing non conventional superconductors.
Non-equilibrium Green's function formalism has been applied to normal metal-s-wave superconductor junctions [21] , and in multiterminal configurations where one s-wave superconductor is connected to several ferromagnetic electrodes [22, 23] . In these structures, with half-metal ferromagnets, the conductance is only due to crossed Andreev reflection processes if the two electrodes have an antiparallel spin orientation or due to elastic cotunneling if the orientation is parallel. Both processes come into account with partially polarized ferromagnets. The same problem in the s wave case has been treated by a scattering approach [24] , a lowest order perturbation method [25] , and Usadel equations [26] .
The purpose of the present work is to investigate transport properties of a ferromagnet-dwave superconductor-ferromagnet double junction. The approach used is Keldysh formalism for ballistic models. Transport is due to crossed Andreev reflection (cotunneling) for the antiparallel (parallel) spin orientation in the ferromagnetic electrodes and is mediated by ZES formed for certain orientation of the d-wave order parameter. Also a comparison with conventional Landauer approach is made. The results would be helpful to propose an experiment based on nanotubes that could be used to probe the symmetry of the order parameter.
The rest of the paper is organized as follows. In Sec. II we introduce surface Green's functions. In Secs. III, IV we describe transport theory and present the results. In Sec. V we propose an experiment based on nanotubes. We conclude the paper in the last section.
II. SURFACE GREEN'S FUNCTIONS
The quasiparticle properties of d-wave superconductors are influenced by interfaces and surfaces because due to the anisotropy of the order parameter the quasiparticles that are reflected from the surface or transmitted through the interface are subject to the sign change of the order parameter. Therefore the surface properties are different from the bulk properties and there is a need to construct surface Green's functions which take into account the contributions from all waves that propagate close to the surface [27, 28] . The Green's function technique has been used to calculate the conductance in d-wave superconductors near impurities [29, 30] . Also the surface quasiclassical Green's functions have been used in the calculation of the Josephson current between d-wave superconductors [31, 32] . The Josephson critical current increases rapidly with decreasing temperature due to ZES formed at the tunnel barrier. The form of the local surface Green's function for a d-wave superconductor is the following [27] , for smooth interface, with momentum conservation in the plane of the interfacê
where n ± = v ± /u ± and where v ± , u ± , are the BCS coherence factors which are given by
and
where θ is the angle between the normal to the interface and the trajectory of the quasiparticle. The internal phase coming from the energy gap is given by φ ± = [∆ ± (θ)/|∆ ± (θ)|], where
) is the pair potential experienced by the quasiparticle along the trajectory θ(π − θ). In case of d x 2 −y 2 -wave superconductor
where β denotes the angle between the normal to the interface and the x-axis of the crystal.
When there is a sign change of the order parameter, i.e., φ + φ − = −1 then the denominator of the Green's functions vanishes for E = 0 and a bound state is formed at the surface. Now we briefly demonstrate Eq. (1) . The excitation at x as seen in Fig. 1 due to transport from the ferromagnetic electrodes give rise to two outgoing waves for a given θ which are reflected from the surface of the superconductor. For example the wave number 2 evolves as follows
where c = −
, and taking into account all the contributions we derive Eq. (1). In fact in the equations for transport into the superconductor we consider the average over the quasiparticle angle θ since an excitation at x gives rise to many outgoing trajectories θ. Nevertheless transport can probe the d-wave order parameter symmetry if we consider the orientation of the d-wave order parameter β as a variable.
The ferromagnetic electrodes are described by the Green's function
where ρ 1,1 and ρ 2,2 are respectively the spin-up and spin-down densities of states.
III. TRANSPORT THEORY
We use a Green's functions method to describe transport in a system composed of two ferromagnetic electrodes connected to a d-wave superconductor (see Fig. 1 ). We first solve the Dyson equation which in a 2 × 2 Nambu representation has the following form for the advanced (Ĝ A ) and retarded (Ĝ R ) Green's functions [33, 34] 
Σ is the self energy,ĝ is the Green's functions of the disconnected system (i.e., withΣ = 0) whileĜ refers to the Green's functions of the connected system (i.e., withΣ = 0). Then the Keldysh component is computed by [34] 
The current can be obtained from the Keldysh Green's function [34] :
Also the elements of the differential conductance matrix are given by
The principle of the calculation is similar to the s-wave case [22] . Depending on the orientation of the magnetizations in the two ferromagnetic electrodes we can distinguish the following cases:
A. Antiparallel magnetizations:
If the electrodes have antiparallel magnetization we find for the elements of the conductance matrix
The expression of D R is the following: If the electrodes have a parallel spin orientation, we find
The expression of D R is the following:
Due to symmetry the elemenents G b,a , G b,b of the conductance matrix which describe the quasiparticle transport from electrode b, are derived from the corresponding expressions for G a,a , G a,b by the substitution a ↔ b, for the parallel alignment. For the antiparallel alignment the following set of substitutions should be made g
order to derive the transport of the spin-down electron form electrode b.
IV. RESULTS

A. Antiparallel magnetizations:
We consider the ferromagnet/anisotropic superconductor/ferromagnet double junction shown in Fig. 1 . For the antiparallel alignment of the magnetizations in the two ferromagnetic electrodes the conductance depends on the orientation β as well as on the transparencies of the interfaces t a,x , t b,x . For β = π/4 (see Fig. 2(a) ) the surface Green's function has a pole at E = 0 and the conductance (both G aa and G ab ) acquires a ZEP which moves to a finite energy by increasing the transparency of the interface (see Fig. 2(b) ). This peak at a finite energy is not due to the d-wave bound state since the Green's function does not have a pole for that energy. The conductance G aa above the gap depends only on the density of states ρ xx g and for large energies it has a finite value which has a different sign than the subgap conductance. The G ab depends only on the crossed Andreev reflection processes and is zero above the gap.
For β = 0 (see Fig. 2(c) ) similarly to the s-wave case no ZES are formed at the interface and both G aa and G ab take relatively small values. However the line shape of the conductance is V and is determined by ρ xx g . Similar results on a larger scale are obtained for larger values of the hopping term (see Fig. 2(d) ). In the s-wave case the line shape of the conductance is U and a peak just below the energy gap exists [22] . In this sense the results for s-wave are qualitatively different than d-wave for β = 0 due to the anisotropy in the magnitude of the d-wave order parameter.
Transport for antiparallel magnetizations is thus due to crossed Andreev reflections in which an electron of spin up from one electrode is transfered as a hole with spin down in the other electrode, by ZES that are formed at the interface due to the sign change of the order parameter. Qualitativelly the enhancement of the quasiparticle current at E = 0 for β = π/4 for d-wave superconductor ferromagnet double junction has also been found using the scattering approach [19] .
B. Parallel magnetizations:
The results concerning the ZES are not modified qualitatively when the orientation of the magnetizations is parallel (see Fig. 1 ). So for β = π/4 a ZEP exists as seen in Fig.   3(a) . However G ab = −G aa . The G ab is determined by the product of functions g x,x,R g x,x,R , g x,x,A g x,x,A (see Eqs. (18), (19) ) which in the zero energy limit have an opposite sign than their corresponding terms in the antiparallel alignment f 
V. LANDAUER APPROACH
In this section we use an alternative approach based on a scattering method to describe transport properties in a d-wave superconductor connected to a ferromagnetic electrode with full spin polarization and a normal metal source through molecular wires or nanotubes.
Within the scattering approach the conductance is given by the well known formula of Blonder et al. [35] σ s (E, θ) = 1 + R a − R b , where the Andreev and normal reflection amplitudes are given by
where n ± = v ± /u ± , v ± , u ± are the BCS coherence factors. The internal phase coming from the energy gap is given by
is the pair potential experienced by the transmitted electron-like (hole-like) quasiparticle respectively. Here the angle θ describes the orientation of the electrodes.
The transparency of the junction σ N is related to the barrier height H by the relation
where Z = 2mH/h 2 k F , denotes the strength of the barrier, which is assumed the same for all electrodes. Also the voltage V is the same for all the electrodes.
For β = π/4 seen in Fig. 5(b) and in the tunneling limit where Z is large the conductance has a peak at zero bias, due to the sign change of the order parameter that the transmitted For Z = 0 seen in Fig. 5 (a) the only contribution to the conductance is from the Andreev reflection process. However it is seen that in this case also the effective value of the gap decreases as the angle θ goes to 0.
However in both limits the line shape of the spectra is not V-like which is a fingerprint of d-wave systems. This is explained because in our model the tunneling conductance depends only on a single quasiparticle trajectory and we do not perform an averaging over the angle θ.
The orientation of the electrodes can be used to probe the symmetry of the order parameter.
In a possible experiment the electrodes could be nanotubes that are connected to conductor sources as shown in Fig. 4 .
VI. CONCLUSIONS
We demonstrated using the Keldysh non-equilibrium approach that in the ferromagnet/dwave superconductor/ferromagnet junction, transport is due to crossed Andreev reflections (cotunneling) and is mediated by ZES that are formed at the interface due to the sign change of the order parameter. Also a consistency is found between the scattering and the Keldysh approaches. Consistency between the two models has been found also in the case of transport properties of s-wave superconductor point contacts [21] .
We have restricted our study to the case of atomic contacts between the d-wave superconductor and a one dimensional conductor consisting of a carbon nanotube. We suppose that the carbon nanotube is connected to the other extremity to a ferromagnetic reservoir.
In this case it is legitimate to use the local surface Green's function given by Eq. (1) and we find no particular relation between the conductances in the parallel and antiparallel alignments. In the d-wave case and for extended contacts it was possible to show that the average current due to crossed Andreev reflection in the antiparallel alignment is equal to the average current due to elastic cotunneling in the parallel alignment [22, 25] . 
